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The Gait Deviation Index summarizes overall gait ‘quality’, based on kinematic data from a
3-dimensional gait analysis. However, it is unknown which clinical outcomes may affect the
Gait Deviation Index in patients with primary hip osteoarthritis. The aim of this study was to
investigate associations between Gait Deviation Index as a measure of gait ‘quality’ and hip
muscle strength and between Gait Deviation Index and patient-reported outcomes in
patients with primary hip osteoarthritis.
Method
Forty-seven patients (34 males), aged 61.1 ± 6.7 years, with BMI 27.3 ± 3.4 (kg/m2) and
with severe primary hip osteoarthritis underwent 3-dimensional gait analysis. Mean Gait
Deviation Index, pain after walking and maximal isometric hip muscle strength (flexor,
extensor, and abductor) were recorded. All patients completed the ‘Physical Function
Short-form of the Hip disability and Osteoarthritis Outcome Score (HOOS-Physical Func-
tion) and the Hip disability and Osteoarthritis Outcome Score subscales for pain (HOOS-
Pain) and quality-of-life (HOOS-QOL).
Results
Mean Gait Deviation Index was positively associated with hip abduction strength
(p<0.01, r = 0.40), hip flexion strength (p = 0.01, r = 0.37), HOOS-Physical Function
(p<0.01, r = 0.41) HOOS-QOL (p<0.01, r = 0.41), and negatively associated with HOOS-
Pain after walking (p<0.01, r = -0.45). Adjusting the analysis for walking speed did not
affect the association.
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Conclusion
Patients with the strongest hip abductor and hip flexor muscles had the best gait ‘quality’.
Furthermore, patients with higher physical function, quality of life scores and lower pain lev-
els demonstrated better gait ‘quality’. These findings indicate that interventions aimed at
improving hip muscle strength and pain management may to a moderate degree improve
the overall gait ‘quality’ in patients with primary hip OA.
Introduction
Hip osteoarthritis (OA) is a leading cause of disability worldwide [1]. Patients with hip OA
walk more slowly, walk with altered gait pattern characteristics [2, 3] that are often reported as
limping gait [4] and have reduced hip muscle strength compared with healthy controls [5–8].
These impairments may also be reflected in patient-reported outcomes (PROs) [9, 10]. A study
by Amlie et al. 2014 showed that hip OA patients with self-reported limping gait after total hip
arthroplasty (THA) scored 17 to 35 points worse in PROs on all the subscales of Hip disability
and Osteoarthritis Outcome Score (HOOS) (0 = extreme symptoms to 100 = no symptoms)
compared with patients who reported no limping [11]. This indicates that the walking pattern
is important to patients post-operatively and may also be important prior to surgery. However,
limping gait is poorly defined and is often based on a subjective analysis performed by the
patient or the clinician.
Three-dimensional gait analysis (3DGA) is an objective and detailed analysis of the walking
pattern, with the possibility to measure a large number of discrete variables. Discrete variables
are often measured at one time-point in the gait cycle, for example hip or knee extension at ter-
minal stance or peak hip flexion and extension. However these discrete variables lack the ability
to evaluate the overall gait pattern or gait ‘quality’ throughout the entire gait cycle [12]. There-
fore, there is an increasing interest in implementing a summary index that describes the overall
gait ‘quality’ expressed as the degree of deviation from normalcy. The most common overall
gait index used to date is the Gillette Index, but several limitations have been raised. The selec-
tion of variables included in the Gillette Index was largely based on gait deviation experienced
in children with cerebral palsy and only the characteristic discrete time-points in the gait cycle
were included [13]. In contrast, the Gait Deviation Index (GDI) was developed with the inten-
tion of providing an overall gait ‘quality’ index [14]. GDI summarizes the lower limb kinematic
of nine variables for each limb throughout the entire gait cycle into one single value that
describes 98% of the variation in gait. The nine variables included in the GDI are kinematics
from: pelvic and hip in sagittal, frontal and transversal plane, knee and ankle in the sagittal
plane and foot progression [14]. The GDI expresses the degree of gait pathology in patients
compared with a healthy reference group [14]. This removes the subjectivity in the choice of
discrete parameters. Furthermore, the selection of the parameters for the Gillette Index was
specific for children with cerebral palsy, whereas the GDI is considered a general measure of
the overall gait pathology or gait ‘quality’ in humans [14]. The GDI has been applied on differ-
ent patient groups ranging from patients with cerebral palsy [15–18] to patients with hip OA
[19, 20], patients with rheumatoid arthritis [21] and patients with Parkinson’s Disease [22].
Research into associations between the GDI as a measure of gait ‘quality’ and validated clini-
cally important outcomes will improve understanding of the clinical utility and application of
the GDI in research and in the clinical context. This has, to our knowledge, only been per-
formed in cerebral palsy and rheumatoid arthritis patients [18, 21, 23].
Gait Deviation Index and Hip Muscle Strength
PLOS ONE | DOI:10.1371/journal.pone.0153177 April 11, 2016 2 / 13
the Bevica Foundation (no grant number), (http://
www.bevica.dk/bevica-fonden/formalansogning) (SR),
the Bjarne Jensen Foundation (no grant number),
(http://www.bjarnejensensfond.dk) (SR), and Odense
University Hospital (no grant number), (http://www.
ouh.dk/default.asp?id=402241) (SO). The funders
had no role in study design, data collection and
analysis, decision to publish, or preparation of the
manuscript.
Competing Interests: This study has received
funding from public and private foundations. One
author has received grants from biomedical
companies not related to this study. Dr. Rosenlund
reports grants from The Danish Rheumatism
Association, grants from Region of Zealand, grants
from Region of Southern Denmark, grants from
Bevica Foundation, grants from Bjarne Jensen
Foundation during the conduct of the current study.
Dr. Søren Overgaard reports grants from Odense
University Hospital during the conduct of the current
study and from Biomet, grants from DePuy, from
Protesekompagniet, grants from Zimmer, principal
investigator for a study at Eli Lilly, all relations is
outside the submitted work. This does not alter the
authors’ adherence to PLOS ONE policies on sharing
data and materials.
The purpose of this study was to investigate potential associations between gait ‘quality’
measured by the GDI, hip muscle strength and PROs in patients with severe primary hip OA.
We hypothesized that low hip muscle strength, high pain level and impaired self-reported
physical function and quality of life would be associated with reduced GDI scores. The results
from this study will provide a better understanding of the factors influencing the overall gait




This study was a cross-sectional analysis of explorative pre-operative data from a subsample of
patients included in a randomized controlled trial. The trial is registered at ClinicalTrials.gov.
No.:NCT01616667 and described in detail elsewhere [24].
Participants
Forty-seven patients were recruited from the outpatient clinic at the Department of Orthopae-
dic Surgery and Traumatology, Odense University Hospital and Svendborg Hospital (SvB),
Denmark between May 2012 and May 2014. The inclusion criteria were patients aged 45–70
years with primary unilateral hip OA, scheduled for cementless THA. Patients were excluded if
they had had prior THA or major lower limb surgery, BMI>35 (kg/m2) (due to difficulties
with gait analysis marker placement), if they were unable to walk without walking aid of any
kind, if they had any neurological or medical disease compromising their walking ability,
inability to read and understand Danish, or if they declined to participate. All patients were
clinically and radio-graphically evaluated and diagnosed with primary OA and scheduled for
THA. A convenience sample of 20 able-bodied adults aged 45 to 70 years was recruited to pro-
vide a reference group on kinematic data.
The patients’ characteristics are summarized in Table 1. Forty-seven patients and 20 able-
bodied participants completed the evaluation with 3DGA and hip muscle iMVC. The patient
group included 34 males and 13 females. They had a mean age of 61.1 ± 6.7 years and a mean
BMI of 27.3 ± 3.4 (kg/m2).
The able-bodied participants (55% female) had a mean age of 59.6 ±7.1 years and mean
BMI of 25.6 ±2.9 (kg/m2), Table 1. The able-bodied participants walked, as expected, signifi-
cantly faster than the OA patients (p< 0.01).
The trial complied with the Declaration of Helsinki. It was approved by the Danish Data
Protection Agency and The Danish Regional Committee on Biomedical Research Ethics
(Southern Denmark), Project-ID S-20120009. A written and orally informed consent was col-
lected prior to the inclusion of all participants.
Gait data collection
3DGA data were collected using a six-camera motion capture system (Vicon MX03, Oxford,
UK) and further processed in Nexus 1.7–8 [25, 26]. Prior to the gait analysis the leg length, pel-
vic, knee and angle width were measured. These measurements were used to estimate joint
rotation centres for each individual. A total of 16 markers were placed on anatomical land-
marks on the pelvic, thigh, knee and foot according the standardized Plug-in-Gait marker set
model [27]. All the participants walked barefooted at self-selected walking speed on a 10 meter
long walking corridor. The patients and able-bodied participants completed an identical
motion capture protocol. We captured five separate gait trials for each participant as
Gait Deviation Index and Hip Muscle Strength
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recommended by Laroche et al. 2011 [28]. To avoid acceleration and deceleration only the
stride in the centre of the capturing volume for each trial (five left and five right) were
analysed.
Maximal hip muscle strength
The muscle strength of the hip abductor, hip flexor and hip extensor muscles was measured
with three consecutive isometric maximal voluntary contractions (iMVC) for each muscle
group. Maximal hip muscle strength was recorded in the upright standing position, according
to the protocol described by Jensen et al. [29]. For each muscle group, one submaximal test
contraction (for familiarization) and three maximal contractions were performed. The partici-
pants received both visual feedback on a pc-monitor (in the form of a graphical plot of the
force over time) and verbal feedback during each test contraction. To avoid a systematic learn-
ing bias, two dice randomizations were used to determine first the starting leg and second the
sequence of muscle groups to be tested. The two data collectors performed a visual inspection
(face validity) together of the contraction curves to ensure no pretension using a custom-made
MATLAB1 program (MathWorks, Natick, MA, US). The contraction with the highest peak
moment (Nm) was selected and normalized according to body mass (Nm/kg). Only iMVC per-
formed with the affected limb was used in the current study. iMVC in the standing position
has shown acceptable validity [30] and high test-retest reliability has been reported in healthy
adults and patients with THA [29, 30].
Pain assessment
Pain was measured immediately after completion of the 3DGA using an 11-point (0–10)
Numeric Rating Scale (NRS); where 0 represents ‘no pain’ and 10 represents ‘the worst possible
pain’. The patients were asked to assess their hip pain intensity for the affected limb immedi-
ately after walking. A second pain intensity assessment was performed immediately after the
last iMVC contraction. The NRS scores for the affected limbs recorded after walking were used
in the association analyses. The NRS has been shown to be both valid and reliable in geriatric
patients [31].
Patient-reported outcome measures
We used the Hip disability and Osteoarthritis Outcome Score–Physical Function Short-form
together with its subscales of Pain and Quality Of Life in HOOS 2.0 (HOOS-Pain and HOOS--
QOL) to measure physical function, pain and quality of life, respectively. The total score for
each of the three subscales ranges from 0 points (extreme symptoms) to 100 points (no
Table 1. Characteristics of hip OA patients and able-bodied.
Characteristics Hip OA-patients (n = 47) Able-bodied (n = 20) P-value
Age (years), mean ± SD 61.1 ± 6.7 56.9 ± 7.1 0.02a
Male (%) 34 (72) 9 (45) 0.03b
BMI (kg/m2), mean ± SD 27.3 ± 3.4 25.6 ± 2.9 0.05a
Self-selected walking speed (m/s), mean ± SD 1.12 ± 0.18 1.33 ± 0.14 < 0.01a
Affected side (Right) 25 Not relevant -
Abbreviations: OA = Osteoarthritis; SD = standard deviation; BMI = body mass index
a Independent unpaired t-test with equal variance
b Pearson’s chi2 test
doi:10.1371/journal.pone.0153177.t001
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symptoms). HOOS-Physical Function has shown good validity when compared with the
HOOS subscale for Activity of Daily Living and high responsiveness in THA patients [32].
HOOS 2.0 has shown high validity, reliability and responsiveness in patients diagnosed with
hip OA [33]. The patients completed the Danish version of the questionnaire that has been val-
idated for trans-cultural adaptation [34].
Data processing
The GDI is calculated for each limb using nine kinematic variables collected during 3DGA-
namely, all three planes from the pelvis and hip, the sagittal plane from the knee and ankle and
the foot progression [14]. First, the GDI scores for the 20 able-bodied participants were calcu-
lated according to the instructions described by its authors using the electronic addendum (an
Microsoft Excel file) provided with the original paper by Schwartz and Rozumalski 2008 [14].
We validated our reference group data based on the original reference data of typically develop-
ing children [14] and found that our reference group had a mean GDI (mGDI) of 94.4 ± 7.3
Next, we replaced the original reference data in the electronic addendum with our reference
group data–which per se had an index value of 100. Finally, we calculated the GDI scores for
the hip OA patients against our reference group data. mGDI scores based on five trials were
calculated. We only used the mGDI of the affected limbs in the analyses. A GDI score of 100 or
above represents no gait pathology. Each 10-point decrement from 100 indicates approxi-
mately one standard deviation from the normal gait pattern [14]. GDI has shown good validity
in children with cerebral palsy [35] and excellent inter-trial and intra-rater reliability [16, 21].
Statistical Analysis
Data were checked for completeness and normality (Q-Q plot). A one-sample t-test was used
to test the difference between the patients’ mGDI and the reference group’s GDI of 100 points.
We used Pearson’s correlation to investigate the associations between mGDI and continu-
ous variables (iMVC in hip flexion, extension and abduction, HOOS-Physical Function,
HOOS-Pain and HOOS-QOL). Spearman correlation was used to investigate the association
between mGDI and pain measured by the NRS (ordinal data). Preliminary analyses were per-
formed to ensure all correlation analysis assumptions were fulfilled and data were checked for
linearity and outliers (Fig 1A and 1B. representative examples). Further, multiple linear regres-
sion was used to investigate the associations adjusting for walking speed. Walking speed has an
influence on the kinematic in the lower limb [36, 37] and it has also been shown that the GDI
may be affected by gait speed [38]. The correlation coefficients (r-value) and the determination
coefficient (R2) were reported. The correlation coefficients were interpreted according to Dan-
cey and Reidy [39]: an r-value of 0.1–0.3 was regarded as weak; 0.4–0.6 as moderate; 0.7–0.9 as
strong and 1 as perfect correlation. The statistical analyses were performed using Stata 13.1
(Stata Corp LP, Brownsville, TX, US) and we used a 0.05 significance level.
Results
The descriptive clinical data are summarized in Table 2. Hip OA patients had moderately
decreased mGDI scores on the affected limb compared with the reference group (87.9 ± 9.1 vs.
100, p<0.01).
Results from the unadjusted and adjusted associations between the mGDI scores and the
independent clinical outcomes are summarized in Table 3. A significant, moderate association
between hip abduction muscle strength and mGDI was identified (r = 0.40; p<0.01). We also
found a significant, albeit weak, association between hip flexion muscle strength and mGDI
(r = 0.37; p = 0.01), but no association between hip extension muscle strength and mGDI
Gait Deviation Index and Hip Muscle Strength
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Fig 1. A-B. Representative examples of the association between mGDI and clinical outcomes.
doi:10.1371/journal.pone.0153177.g001
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(r = 0.10; p = 0.50). Adjusting for walking speed did not change the significance of the associa-
tion between mGDI and hip muscle strength, Table 3.
We found a moderately significant negative association between pain measured by NRS
immediately after walking and mGDI (r = -0.45; p<0.01), Table 3. Furthermore, moderately
significant associations between mGDI and patient-reported physical function and quality of
life (r = 0.41; p<0.01 and r = 0.41; p<0.01, respectively) were found. These moderately signifi-
cant associations were also present after adjusting for walking speed, Table 3. However; no
association between mGDI and HOOS-Pain was found (r = 0.18; p = 0.23).
Discussion
This study investigated the potential influence of hip muscle strength, patient-reported physi-
cal function, pain and quality of life on the gait ‘quality’ of patients with hip OA.
Hip muscle strength and gait ‘quality’
The results confirmed our hypotheses that hip OA patients who experience low hip muscle
strength also walk with reduced gait ‘quality’, but to a lesser degree than anticipated. The cur-
rent weak to moderate associations emphasize that reduced iMVC does not reflect the entire
functional limitation of gait suggesting that factors not identified in the current study are also
of importance for gait ‘quality’. However, our results are consistent with previous findings of
weak to moderate associations between hip abductor muscle strength and discrete kinematic
Table 2. Descriptive outcome data for the patients: mean Gait Deviation Index, hip muscle strength
and pain for the affected limb and patient-reported outcomemeasures.
Variables Hip OA-patients
(n = 47)
Mean GDI (0  100) in affected limb,
mean ± SD
GDI 87.9 ± 9.1
Hip muscle strength in affected limb,
mean ± SD
Hip Extension (Nm/kg) 2.28 ± 0.55
Hip Flexion (Nm/kg) 1.32 ± 0.38
Hip Abduction (Nm/kg) 1.62 ± 0.36
NRS-pain (0–10) in affected limb, median
(Q1;Q3)
After walking 5 (2;6)
Number of patients’ with NRS > 5
(%)
17 (36%)
After muscle strength test 6 (3;8)
Number of patients’ with NRS > 5
(%)
24 (51%)
HOOS subscales (0–100), mean ± SD
HOOS-Physical Function 51.8 ± 16.2
HOOS-Pain 43.4 ± 15.8
HOOS-Quality of Life 29.0 ± 14.5
Q1; Q3 represent 25th and 75th percentiles. Abbreviations: OA = Osteoarthritis; GDI = Gait Deviation Index;
NRS = Numeric Rating Scale for pain (0 represents ‘no pain’ and 10 represents ‘the worst possible pain’);
HOOS = Hip disability and Osteoarthritis Outcome Score ranges from 0 = extreme symptoms to 100 = no
symptoms
doi:10.1371/journal.pone.0153177.t002
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variables of gait in hip OA patients and healthy older adults [12, 40]. The GDI was measured
during horizontal walking at a self-selected walking speed. This task may not be challenging
enough to ensure high demand on the hip muscles in hip OA patients, which is reflected in the
weak to moderate association. This may also be the reason why we did not find any association
between mGDI and hip extensor muscle strength. Little strength requirements in this muscle
group is needed during horizontal walking [41]. The hip muscle strength was measured
isometrically in a standing position with the limb in an anatomically neutral position. How-
ever, this position only represents the position of the joint at one time point in the gait cycle.
Analysis of measures of isokinetic hip muscle strength in a dynamic setup mimicking the range
of motion and force-velocity during gait may supply the analysis and represent a more func-
tional model. Our finding of a positive association between hip abductor muscle strength and
mGDI is however in line with several previous studies that found hip abductor muscle strength
to be important for gait function and emphasized the need for increased muscle strengthening
regimens [5, 42–45]. The hip abductors are important to stabilize the pelvis in the frontal plane
during the stance phase and hip abductor weakness may cause the pelvis to drop towards the
swing limb [46] and thus influence the kinematic of the pelvis included in the GDI. Our results
suggest that an effective rehabilitation intervention with special focus on the hip abductor mus-
cles will, to some extent, improve the gait ‘quality’ for patients with hip OA although it only
accounted for 16% of the variation in gait. Thus, this study contributed to identify adjustable
physical parameters that influence the gait ‘quality’. It is essential to identify these parameters
and know the strength of associations to gait when developing rehabilitation programs that
intend to improve the overall gait in patients with hip OA.
Pain and gait ‘quality’
We found a moderately negative association between gait ‘quality’ and pain measured directly
after walking that explained 20% of the variation in GDI but we found no association between
gait ‘quality’ and pain measured over the past week (HOOS-pain). The discrepancy in our
results could be explained by the way the two pain score are collected. The NRS score is directly
connected to the pain level experienced by the patient at the time of walking, whereas the items
in the HOOS-pain subscale cover several situations over the past week, not only related to the
activity of walking. In accordance with our result, both Behery and Foucher 2014 and Zeni
Table 3. Simple and adjusted associations betweenmGDI as the dependent variable and hip muscle strength, pain and HOOS scores as indepen-
dent variables.
Independent outcome variables Simple association* Adjusted association**
r-value R2 P-value r-value R2 P-value
Hip Extension 0.10 0.01 0.50 0.33 0.11 0.08
Hip Flexion 0.37 0.13 0.01 0.41 0.17 0.02
Hip Abduction 0.40 0.16 <0.01 0.43 0.19 0.01
NRS-pain after walking -0.45 0.20 <0.01 -0.48 0.23 <0.01
HOOS-Physical Function 0.41 0.17 <0.01 0.45 0.20 <0.01
HOOS-Pain 0.18 0.03 0.23 0.35 0.12 0.06
HOOS-Quality of Life 0.41 0.17 <0.01 0.50 0.25 <0.01
* Continuous data analysed with Pearson’s correlation and ordinal data analysed with Spearman correlation
** Multiple linear regressions adjusting for walking speed
Abbreviations: OA = Osteoarthritis; GDI = Gait Deviation Index; NRS = Numeric Rating Scale for pain; HOOS = Hip disability and Osteoarthritis Outcome
Score
doi:10.1371/journal.pone.0153177.t003
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et al. 2014 [10, 12] investigated the association between pain measured as the average over the
last week and discrete 3DGA parameters and they found no association in patients with hip
OA. Thus, our finding suggests that high pain level experienced directly in relation to gait is
negatively associated with the objective measured gait ‘quality’ and that it matters at which
time-point pain is measured. Our results imply that interventions aimed at improving pain
management may improve gait ‘quality’ to a moderate degree in patients with severe hip OA.
Patient-reported outcomes and gait ‘quality’
The moderate association between mGDI and self-reported physical function and quality of life
is also in agreement with previous findings [10]. Associations between the Harris Hip Score
(HHS) (which is a commonly used surgeon-reported outcome measure) and several specific gait
variables (hip range of motion and joint moments in all three planes of the hip) before and after
THA surgery have been identified [10]. An association between the HHS subscale of physical
function and kinematic gait parameters, in particular, has been observed [10]. The variance not
accounted for between mGDI and PROs in this study may be because self-reported physical
function and actual physical performance are two different constructs, but hypothesized to have
some similarities. Therefore, strong associations cannot be expected. However, our results under-
line that both types of measurement are important to obtain a more complete evaluation of hip
OA patients [47, 48]. Further this study has shown an association between patient-reported out-
come and gait ‘quality’. These findings indicate that gait ‘quality’ may be important for the well-
being of patients with hip OA as it has been shown for patients with THA [11].
Interactions of outcomes between domains
As recommended by ‘Outcome Measures in Rheumatology Clinical Trials’ [49], evaluation of
both objective and patient-reported measures was performed in the current study. However, in
this study, we did not investigate the associations between hip muscle strength and PROs
directly, but it has previously been shown that improving the hip abductors significantly
improves both pain and patient-reported physical function in people with knee OA [50] and
hip OA [47, 51]. Thus, improvement of hip abductor strength would possibly improve both
physical function and gait ‘quality’ in hip OA patients.
We have also investigated the interaction between different domains in accordance with
WHO International Classification of Functioning, Disability and Health (ICF) classification
[52]. The ICF classification specifies three domains (‘body function’, ‘activity’ and ‘participa-
tion’) that influence a person’s functioning, disability and health status and the model implies
that the domains are interacting. This study covered two of the domains, namely, ‘body func-
tion’ with the measure of gait ‘quality’ and hip muscle strength and the ‘participation’ domain
reflected in the PROs. We observed weak to moderate associations both within the domain of
‘body function’ (gait ‘quality’ and hip muscle strength) and between the domains (gait ‘quality’
and PROs) supporting the interaction between the domains.
Strengths and limitations
We conducted an explorative study on a well-defined patient group with unilateral hip OA,
which supports the internal validity of the study. The use of the GDI as a measure of gait ‘qual-
ity’ has advantages over more common ways of reporting the results from 3DGA. Firstly, by
reporting a single composite score rather than several discrete gait variables extracted at spe-
cific time points in the gait cycle, the GDI can be used as an overall score of gait pathology. Sec-
ondly, the GDI has shown previously to be a potentially useful classification and evaluation
tool in different patients [15, 18, 19, 21, 22, 53]. Furthermore, we based the GDI calculation
Gait Deviation Index and Hip Muscle Strength
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upon 3DGA data collected on an adult abled-bodied reference group in our own laboratory
instead of using the reference data from the literature based upon typically developing children
[14]. Walking speed is known to influence the kinematic parameters [36, 37, 54]; however, all
significant results remained significant after adjusting for walking speed, which shows robust-
ness in our findings.
Finally, the evaluation included the valid and reliable HOOS-questionnaire, pain measured
directly related to the gait analysis session and measurement of hip muscle strength. Thus, our
results may be one step towards providing ‘validity’ to the use of the GDI in hip OA patients.
However, limitations of the current study should be mentioned. Firstly, limitations with
regard to 3DGA methodology made strict inclusion criteria necessary [24]. This can affect the
external validity of the study. Secondly, the GDI score does not provide any information of the
underlying cause of the deviations from normal gait and does not include tempo-spatial
parameters or kinetic data. Thirdly, pain during testing may limit the measurements of iMVC,
because pain potentially reduces the patient’s effort in reaching maximal strength [55]. As
twenty-four (51%) patients in our study had NRS pain scores of five or above after the iMVC
test, (Table 2), this may have affected the association between the GDI and hip muscle strength.
Finally, it must be emphasized that this is an explorative cross-sectional study where clear
causal relationships cannot be established. A prospective intervention study investigating if
improving the maximal hip muscle strength improves the gait ‘quality’, as this cross-sectional
study implies, is therefore warranted.
Conclusion
Better hip flexor and hip abductor muscle strength were weakly to moderately associated with
a better gait ‘quality’ in patients with hip osteoarthritis. Furthermore, patients with higher
patient-reported physical function, quality of life and lower pain levels demonstrated better
gait ‘quality’. Interventions aimed at improving hip muscle strength, especially hip abduction
strength, and appropriate pain management may to a moderate degree improve the gait ‘qual-
ity’ in patients with severe hip osteoarthritis. This, however, needs to be confirmed in con-
trolled intervention studies.
Supporting Information
S1 File. Gait Deviation Index and Hip Muscle Strength data.
(XLSX)
Acknowledgments
We would like to express our gratitude to the patients and the healthy participants for their
willingness to participate. We would also like to thank Project Nurse Annie Gam-Pedersen for
managing all logistics related to the patients and to biomedical engineer Dennis Brandborg
Nielsen for helping with the data collection and processing of the data. We would also like to
thank Suzanne Capell for proof-reading the manuscript. We are grateful to the staff at the
Department of Orthopaedic Surgery and Traumatology at Odense University Hospital for pro-
viding the equipment and facilities needed to complete the study.
Author Contributions
Conceived and designed the experiments: SR AHL SO CJ. Performed the experiments: SR.
Analyzed the data: SR AHL SO CJ. Contributed reagents/materials/analysis tools: AHL. Wrote
the paper: SR AHL SO CJ.
Gait Deviation Index and Hip Muscle Strength
PLOS ONE | DOI:10.1371/journal.pone.0153177 April 11, 2016 10 / 13
References
1. WHO. Global Health Estimates 2014 Geneva: World Health Organization; 2014 [cited 2014]. Avail-
able: http://www.who.int/healthinfo/global_burden_disease/estimates/en/index1.html.
2. Kiss RM, Illyes A. Comparison of gait parameters in patients following total hip arthroplasty with a
direct-lateral or antero-lateral surgical approach. HumMov Sci. 2012; 31(5):1302–16. doi: 10.1016/j.
humov.2012.02.004 PMID: 22742724.
3. Holnapy G, Illyes A, Kiss RM. Impact of the method of exposure in total hip arthroplasty on the variability
of gait in the first 6months of the postoperative period. Journal of electromyography and kinesiology:
official journal of the International Society of Electrophysiological Kinesiology. 2013; 23(4):966–76. doi:
10.1016/j.jelekin.2013.04.005 PMID: 23642843.
4. Horstmann T, Listringhaus R, Brauner T, Grau S, Mundermann A. Minimizing preoperative and postop-
erative limping in patients after total hip arthroplasty: relevance of hip muscle strength and endurance.
American journal of physical medicine & rehabilitation / Association of Academic Physiatrists. 2013; 92
(12):1060–9. doi: 10.1097/PHM.0b013e3182970fc4 PMID: 23739275.
5. Foucher KC, Hurwitz DE, Wimmer MA. Preoperative gait adaptations persist one year after surgery in
clinically well-functioning total hip replacement patients. Journal of biomechanics. 2007; 40(15):3432–
7. doi: 10.1016/j.jbiomech.2007.05.020 PMID: 17644101.
6. Constantinou M, Barrett R, BrownM, Mills P. Spatial-temporal gait characteristics in individuals with hip
osteoarthritis: a systematic literature review and meta-analysis. The Journal of orthopaedic and sports
physical therapy. 2014; 44(4):291–B7. doi: 10.2519/jospt.2014.4634 PMID: 24450373.
7. Hurwitz DE, Hulet CH, Andriacchi TP, Rosenberg AG, Galante JO. Gait compensations in patients with
osteoarthritis of the hip and their relationship to pain and passive hip motion. Journal of orthopaedic
research: official publication of the Orthopaedic Research Society. 1997; 15(4):629–35. doi: 10.1002/
jor.1100150421
8. Arokoski MH, Arokoski JP, Haara M, Kankaanpaa M, Vesterinen M, Niemitukia LH, et al. Hip muscle
strength and muscle cross sectional area in men with and without hip osteoarthritis. The Journal of
rheumatology. 2002; 29(10):2185–95. PMID: 12375331.
9. Jones CA, Pohar S. Health-related quality of life after total joint arthroplasty: a scoping review. Clin Ger-
iatr Med. 2012; 28(3):395–429. doi: 10.1016/j.cger.2012.06.001 PMID: 22840305.
10. Behery OA, Foucher KC. Are Harris hip scores and gait mechanics related before and after THA? Clini-
cal orthopaedics and related research. 2014; 472(11):3452–61. doi: 10.1007/s11999-014-3886-1
PMID: 25138471; PubMed Central PMCID: PMCPMC4182402.
11. Amlie E, Havelin LI, Furnes O, Baste V, Nordsletten L, Hovik O, et al. Worse patient-reported outcome
after lateral approach than after anterior and posterolateral approach in primary hip arthroplasty. A
cross-sectional questionnaire study of 1,476 patients 1–3 years after surgery. Acta orthopaedica. 2014;
85(5):463–9. doi: 10.3109/17453674.2014.934183 PMID: 24954494; PubMed Central PMCID:
PMCPMC4164862.
12. Zeni J Jr, Pozzi F, Abujaber S, Miller L. Relationship between physical impairments and movement pat-
terns during gait in patients with end-stage hip osteoarthritis. Journal of orthopaedic research: official
publication of the Orthopaedic Research Society. 2015; 33(3):382–9. doi: 10.1002/jor.22772 PMID:
25492583; PubMed Central PMCID: PMCPMC4346450.
13. Cimolin V, Galli M. Summary measures for clinical gait analysis: a literature review. Gait & posture.
2014; 39(4):1005–10. doi: 10.1016/j.gaitpost.2014.02.001 PMID: 24613461.
14. Schwartz MH, Rozumalski A. The Gait Deviation Index: a new comprehensive index of gait pathology.
Gait & posture. 2008; 28(3):351–7. doi: 10.1016/j.gaitpost.2008.05.001 PMID: 18565753.
15. Cimolin V, Galli M, Vimercati SL, Albertini G. Use of the Gait Deviation Index for the assessment of gas-
trocnemius fascia lengthening in children with Cerebral Palsy. Research in developmental disabilities.
2011; 32(1):377–81. doi: 10.1016/j.ridd.2010.10.017 PMID: 21075594.
16. Rasmussen HM, Nielsen DB, Pedersen NW, Overgaard S, Holsgaard-Larsen A. Gait Deviation Index,
Gait Profile Score and Gait Variable Score in children with spastic cerebral palsy: Intra-rater reliability
and agreement across two repeated sessions. Gait & posture. 2015; 42(2):133–7. doi: 10.1016/j.
gaitpost.2015.04.019 PMID: 26043670.
17. Wren TA, Otsuka NY, Bowen RE, Scaduto AA, Chan LS, Dennis SW, et al. Outcomes of lower extrem-
ity orthopedic surgery in ambulatory children with cerebral palsy with and without gait analysis: results
of a randomized controlled trial. Gait & posture. 2013; 38(2):236–41. Epub 2012/12/12. doi: 10.1016/j.
gaitpost.2012.11.018 PMID: 23219787.
18. MaanumG, Jahnsen R, Stanghelle JK, Sandvik L, Larsen KL, Keller A. Face and construct validity of
the Gait Deviation Index in adults with spastic cerebral palsy. Journal of rehabilitation medicine: official
Gait Deviation Index and Hip Muscle Strength
PLOS ONE | DOI:10.1371/journal.pone.0153177 April 11, 2016 11 / 13
journal of the UEMS European Board of Physical and Rehabilitation Medicine. 2012; 44(3):272–5. doi:
10.2340/16501977-0930 PMID: 22214985.
19. Jensen C, Rosenlund S, Nielsen DB, Overgaard S, Holsgaard-Larsen A. The use of the Gait Deviation
Index for the evaluation of participants following total hip arthroplasty: An explorative randomized trial.
Gait & posture. 2015; 42(1):36–41. doi: 10.1016/j.gaitpost.2015.02.009 PMID: 25957650.
20. Jensen C, Penny JO, Nielsen DB, Overgaard S, Holsgaard-Larsen A. Quantifying Gait Quality in
Patients with Large-Head and Conventional Total Hip Arthroplasty-A Prospective Cohort Study. The
Journal of arthroplasty. 2015; 30(12):2343–8 e1. doi: 10.1016/j.arth.2015.06.049 PMID: 26278486.
21. Esbjornsson AC, Rozumalski A, Iversen MD, Schwartz MH, Wretenberg P, Brostrom EW. Quantifying
gait deviations in individuals with rheumatoid arthritis using the Gait Deviation Index. Scandinavian jour-
nal of rheumatology. 2014; 43(2):124–31. doi: 10.3109/03009742.2013.822095 PMID: 24090053.
22. Galli M, Cimolin V, De Pandis MF, Schwartz MH, Albertini G. Use of the Gait Deviation index for the
evaluation of patients with Parkinson's disease. Journal of motor behavior. 2012; 44(3):161–7. doi: 10.
1080/00222895.2012.664180 PMID: 22455905.
23. Massaad A, Assi A, Skalli W, Ghanem I. Repeatability and validation of gait deviation index in children:
typically developing and cerebral palsy. Gait & posture. 2014; 39(1):354–8. doi: 10.1016/j.gaitpost.
2013.08.001 PMID: 24079975.
24. Rosenlund S, Broeng L, Jensen C, Holsgaard-Larsen A, Overgaard S. The effect of posterior and lat-
eral approach on patient-reported outcomemeasures and physical function in patients with osteoarthri-
tis, undergoing total hip replacement: a randomised controlled trial protocol. BMCmusculoskeletal
disorders. 2014; 15:354. doi: 10.1186/1471-2474-15-354 PMID: 25345483; PubMed Central PMCID:
PMCPMC4216831.
25. Kadaba MP, Ramakrishnan HK, Wootten ME. Measurement of lower extremity kinematics during level
walking. Journal of orthopaedic research: official publication of the Orthopaedic Research Society.
1990; 8(3):383–92. doi: 10.1002/jor.1100080310 PMID: 2324857.
26. Davis RB, Ounpuu S, Tyburski D, Gage JR. A gait analysis data collection and reduction technique.
HumMov Sci. 1991; 10:575–87.
27. Plug-in gait product guide–foundation notes Oxford: Vicon Motion Systems; 2010 [cited 2016 01.03].
Available: http://www.irc-web.co.jp/vicon_web/news_bn/PIGManualver1.pdf.
28. Laroche D, Duval A, Morisset C, Beis JN, d'Athis P, Maillefert JF, et al. Test-retest reliability of 3D kine-
matic gait variables in hip osteoarthritis patients. Osteoarthritis and cartilage / OARS, Osteoarthritis
Research Society. 2011; 19(2):194–9. doi: 10.1016/j.joca.2010.10.024 PMID: 21056679.
29. Jensen C, Aagaard P, Overgaard S. Recovery in mechanical muscle strength following resurfacing vs
standard total hip arthroplasty—a randomised clinical trial. Osteoarthritis and cartilage / OARS, Osteo-
arthritis Research Society. 2011; 19(9):1108–16. doi: 10.1016/j.joca.2011.06.011 PMID: 21749928.
30. Widler KS, Glatthorn JF, Bizzini M, Impellizzeri FM, Munzinger U, Leunig M, et al. Assessment of hip
abductor muscle strength. A validity and reliability study. The Journal of bone and joint surgery Ameri-
can volume. 2009; 91(11):2666–72. doi: 10.2106/JBJS.H.01119 PMID: 19884441.
31. Bergh I, Sjostrom B, Oden A, Steen B. An application of pain rating scales in geriatric patients. Aging
(Milano). 2000; 12(5):380–7. PMID: 11126525.
32. Davis AM, Perruccio AV, Canizares M, Hawker GA, Roos EM, Maillefert JF, et al. Comparative, validity
and responsiveness of the HOOS-PS and KOOS-PS to theWOMAC physical function subscale in total
joint replacement for osteoarthritis. Osteoarthritis and cartilage / OARS, Osteoarthritis Research Soci-
ety. 2009; 17(7):843–7. doi: 10.1016/j.joca.2009.01.005 PMID: 19215728.
33. Thorborg K, Roos EM, Bartels EM, Petersen J, Holmich P. Validity, reliability and responsiveness of
patient-reported outcome questionnaires when assessing hip and groin disability: a systematic review.
Br J Sports Med. 2010; 44(16):1186–96. bjsm.2009.060889 [pii]; doi: 10.1136/bjsm.2009.060889
PMID: 19666629
34. Beyer N, Thorborg K, Vinther A. Translation and Cross-Cultural Adaptation of the Danish Version of the
Hip Dysfunction and Osteoarthritis Outcome Score 2.0 (HOOS 2.0) 2008 [cited 2015 4 December].
Available: http://koos.nu/HOOSdansk.pdf.
35. Molloy M, McDowell BC, Kerr C, Cosgrove AP. Further evidence of validity of the Gait Deviation Index.
Gait & posture. 2010; 31(4):479–82. S0966-6362(10)00043-3 [pii]; doi: 10.1016/j.gaitpost.2010.01.025
36. AstephenWilson JL. Challenges in dealing with walking speed in knee osteoarthritis gait analyses.
Clinical biomechanics. 2012; 27(3):210–2. doi: 10.1016/j.clinbiomech.2011.09.009 PMID: 22019141.
37. Landry SC, McKean KA, Hubley-Kozey CL, StanishWD, Deluzio KJ. Knee biomechanics of moderate
OA patients measured during gait at a self-selected and fast walking speed. Journal of biomechanics.
2007; 40(8):1754–61. doi: 10.1016/j.jbiomech.2006.08.010 PMID: 17084845.
Gait Deviation Index and Hip Muscle Strength
PLOS ONE | DOI:10.1371/journal.pone.0153177 April 11, 2016 12 / 13
38. Rozumalski A, Schwartz M. A method to reference the Gait Deviation Index to a speed-matched con-
trol. Gait & posture. 2012;Volume 36(Supplement 1):S51–S2.
39. Dancey CP, Reidy J. Statistics Without Maths for Psychology. Fifth edition ed. Harlow, England: Pear-
son Education Limited; 2011.
40. Samuel D, Rowe P, Hood V, Nicol A. The relationships between muscle strength, biomechanical func-
tional moments and health-related quality of life in non-elite older adults. Age and ageing. 2012; 41
(2):224–30. doi: 10.1093/ageing/afr156 PMID: 22126987.
41. van der Krogt MM, Delp SL, Schwartz MH. How robust is human gait to muscle weakness? Gait & pos-
ture. 2012; 36(1):113–9. doi: 10.1016/j.gaitpost.2012.01.017 PMID: 22386624.
42. Shih CH, Du YK, Lin YH, Wu CC. Muscular recovery around the hip joint after total hip arthroplasty.
Clinical orthopaedics and related research. 1994; 302:115–20. PMID: 8168288.
43. Sicard-Rosenbaum L, Light KE, Behrman AL. Gait, lower extremity strength, and self-assessed mobility
after hip arthroplasty. The journals of gerontology Series A, Biological sciences and medical sciences.
2002; 57(1):M47–51. PMID: 11773212.
44. LongWT, Dorr LD, Healy B, Perry J. Functional recovery of noncemented total hip arthroplasty. Clinical
orthopaedics and related research. 1993; 288(288):73–7. PMID: 8458156.
45. Bhave A, Mont M, Tennis S, Nickey M, Starr R, Etienne G. Functional problems and treatment solutions
after total hip and knee joint arthroplasty. The Journal of bone and joint surgery American volume.
2005; 87 Suppl 2:9–21. doi: 10.2106/JBJS.E.00628 PMID: 16326719.
46. Kean CO, Bennell KL, Wrigley TV, Hinman RS. Relationship between hip abductor strength and exter-
nal hip and knee adduction moments in medial knee osteoarthritis. Clinical biomechanics. 2015; 30
(3):226–30. doi: 10.1016/j.clinbiomech.2015.01.008 PMID: 25703964.
47. Zeni J Jr., Abujaber S, Pozzi F, Raisis L. Relationship between strength, pain, and different measures
of functional ability in patients with end-stage hip osteoarthritis. Arthritis care & research. 2014; 66
(10):1506–12. doi: 10.1002/acr.22329 PMID: 24664893; PubMed Central PMCID: PMC4175298.
48. Lindemann U, Becker C, Unnewehr I, Muche R, Aminin K, Dejnabadi H, et al. Gait analysis and
WOMAC are complementary in assessing functional outcome in total hip replacement. Clin Rehabil.
2006; 20(5):413–20. PMID: 16774092.
49. Bellamy N, Kirwan J, Boers M, Brooks P, Strand V, Tugwell P, et al. Recommendations for a core set of
outcomemeasures for future phase III clinical trials in knee, hip, and hand osteoarthritis. Consensus
development at OMERACT III. The Journal of rheumatology. 1997; 24(4):799–802. PMID: 9101522
50. Bennell KL, Hunt MA, Wrigley TV, Hunter DJ, McManus FJ, Hodges PW, et al. Hip strengthening
reduces symptoms but not knee load in people with medial knee osteoarthritis and varus malalignment:
a randomised controlled trial. Osteoarthritis and cartilage / OARS, Osteoarthritis Research Society.
2010; 18(5):621–8. doi: 10.1016/j.joca.2010.01.010 PMID: 20175973.
51. Steinhilber B, Haupt G, Miller R, Grau S, Janssen P, Krauss I. Stiffness, Pain, and Hip Muscle Strength
Are Factors Associated With Self-reported Physical Disability in Hip Osteoarthritis. Journal of geriatric
physical therapy. 2013; 37(3):99–105. doi: 10.1097/JPT.0000000000000008 PMID: 24365994.
52. WHO. International Classification of Functioning, Disability and Health Geneva: World Health Organi-
zation; 2002 [cited 2015]. Available: http://www.who.int/classifications/icf/en/.
53. Brostrom EW, Esbjornsson AC, von Heideken J, Larsson P, Wretenberg P, Iversen M. Change in Gait
Deviation Index after anti-tumour necrosis factor-alpha treatment in individuals with rheumatoid arthri-
tis: a pilot study. Scandinavian journal of rheumatology. 2013; 42(5):356–61. doi: 10.3109/03009742.
2013.776102 PMID: 23581251.
54. Bejek Z, Paroczai R, Illyes A, Kiss RM. The influence of walking speed on gait parameters in healthy
people and in patients with osteoarthritis. Knee surgery, sports traumatology, arthroscopy: official jour-
nal of the ESSKA. 2006; 14(7):612–22. doi: 10.1007/s00167-005-0005-6 PMID: 16331521.
55. Hassan BS, Doherty SA, Mockett S, Doherty M. Effect of pain reduction on postural sway, propriocep-
tion, and quadriceps strength in subjects with knee osteoarthritis. Annals of the rheumatic diseases.
2002; 61(5):422–8. PMID: 11959766; PubMed Central PMCID: PMCPMC1754088.
Gait Deviation Index and Hip Muscle Strength
PLOS ONE | DOI:10.1371/journal.pone.0153177 April 11, 2016 13 / 13
